Galileo stereo images covering about 1500 km 2 of Uruk Sulcus on Ganymede have revealed two scales of ridges; (1) large-scale ridges and troughs spaced -6 km apart, corresponding to the "grooves" seen in Voyager images, and (2) small-scale ridges spaced hundreds of meters apart superimposed on the large-scale ridges. We interpret the small-scale ridges to be the result of tilt-block normal faulting of the surface brittle layer, while the large-scale ridges may be due to necking of the brittle layer over a ductile substrate. The geometry of the tilt blocks revealed in Galileo images leads to a minimum estimation of 51% to 58% extensional strain in the area. The strain estimate, when incorporated into a model for the formation of grooved terrain by necking of a brittle layer undergoing extension, leads us to estimate a thermal gradient of--20 K/km and a strain rate of "'10 '14 S 'l during groove formation.
Introduction
The surface of Jupiter's largest satellite Ganymede is divided into ancient dark terrain and younger bright terrain [Smith et al., 1979] . The bright terrain is characterized by sets of subparallel ridges and troughs, commonly called "grooves," and collectively known as "grooved terrain." The grooves have been interpreted by numerous authors to be the result of extensional tectonic activity in Ganymede's past [see Squyres and Croft, 1986 , and references therein]. In Voyager images (-1 km/pixel) the grooves appear in high-sun images as dark and bright stripes, and in near-terminator images the topography of the grooves is revealed to be broadly U-shaped in crosssection. The relationship between the albedo stripes observed at high sun and the topography is not evident from the Voyager images. The spacing between grooves ranges from 5 to 10 kin, with different areas of grooved terrain exhibiting different characteristic groove spacing [Grimm and Squyres, 1985] . The grooves have been interpreted to be open tension fractures or graben [Squyres, 1982] , or structures formed as a result of extensional necking of a brittle layer over a ductile substrate [Fink and Fletcher, 1981] . Herrick and Stevenson [1990] modeled the conditions necessary for necking to occur on the surface of Ganymede and found the strain rate and thermal gradient required were implausibly large. These authors had to make assumptions about the depth of the grooves and the amount of extensional strain which created grooved terrain. Galileo high-resolution stereoscopic images of the grooved terrain allow measurement of the depth of the grooves and an Copyright 1998 by the American Geophysical Union.
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0094-8534/98/97GL-03772505.00 estimate of the amount of extensional strain in the grooved terrain. In this paper, we describe some of the new insights gathered from the analysis of Galileo images and implications for the formation of grooves by necking. For each tilt block along the profiles measured, the troughto-trough distance was determined, which approximates the spacing of the faults as they presently outcrop on the surface. Then the position of the ridge crest was estimated from stereo image viewing and a correction was applied for the slight distortion due to the image emission angle. To derive a minimum strain estimate, we assumed that the longer slc•pes (y) represent the original surface, while the shorter slopes (x) are assumed to be the fault scarps. The ratio y/x is measured to be approximately 1.5. When this ratio and a reasonable range of initial fault dips (450-60 ø) are inserted into equations (1) and (2), we calculate 51-58% extensional strain. This strain estimate is a minimum estimate because (a) the ratio y/x has been minimized by the assumption that the shorter faces of ridges are the faulted face, (b) faulting at a scale below the resolution of the images may accommodate additional extension, and (c) secondary faulting of tilt blocks in the necks may cause breakup and rotation within these blocks, masking the original geometry of these tilt blocks. Also, if the faulting is occurring with a strong listric geometry, the inferred amount of strain would be reduced [Wernickeand Burchfiel, 1982] ; however, the systematic progression of y/x across the area that would be expected from such a geometry is not observed here. Fink and Fletcher [1981] proposed that the grooves on Ganymede may result from the necking of a brittle layer of ice overlying a ductile substrate of warmer ice. Necking occurs in a brittle layer as extensional stress is concentrated in initially thin areas of the layer. Brittle materials exhibit a nonlinear relationship between stress and strain rate, so an instability may occur because positive feedback exists between a thin area of the brittle layer concentrating more stress, and the higher strain rate due to the higher stress which extends the thin area more rapidly. The ductile substrate flows to accommodate the areas of enhanced thinning in the brittle layer, and acts to suppress the topographic expression of the necking instability. Under certain conditions of strain rate and thermal gradient, a dominant wavelength of topographic variation will be amplified (see Fletcher and Hallet [1983] The predictions of the necking model may become less accurate with greater amounts of strain. As strain progresses, the amplified topography at the initial dominant wavelength will be extended to longer wavelengths. Thermal re-adjustment due to thinning may not be important in Uruk Sulcus, as the timescale of conduction across the brittle layer (-104 years) i s shorter than the timescale of the extensional episode. Also, it is unknown to what extent the brittle ice layer behaves as a plastic medium. The necking model is based on a brittle layer with slip along pervasive faults in all orientations. There may be small, pervasive faults within the brittle layer on Ganymede below the limit of image resolution which cause it to behave in a more ideal manner, but such a hypothesis is not directly testable. The asymmetry observed in the slopes of the large-scale ridges may be related to the asymmetry in the fault orientations in the tilt-block faulting model, however, modeling has not been performed to address necking of such a non-isotropic plastic medium.
Galileo observations and structural interpretation

Implications for necking
Conclusion
Two scales of ridges and troughs are observed in the Galileo Uruk Sulcus stereo target area. Both of these scales may be formed during the same episode of extension. The small-scale ridges are likely to be due to brittle failure in a tilt-block normal faulting mode, while the large-scale ridges may be caused by necking of the brittle layer over a ductile substrate. The geometry of the tilt blocks indicates large amounts of extensional strain (51-58%), several times higher than estimates based on Voyager data. The increased strain estimate allows a necking instability in the grooved terrain to grow with a smaller amplification factor than previously estimated by Herrick and Stevenson [1990] . This results in more plausible thermal gradients (-20 K/km) and strain rates (-10-•4s -•) during formation of the grooves than was previously estimated. The extensional episode which formed the grooves in the Galileo target area is likely to have occurred in a 2 km thick brittle layer and lasted on the order of 106 years.
It is yet to be determined whether the necking inferred for the Galileo stereo target area in Uruk Sulcus is unique to this area or common around the globe. Two scales of deformation may exist in areas of grooved terrain imaged on orbit G2. Further examination of these images is necessary to assess the extent of such phenomena. If other regions show evidence for formation by means of extensional instability, estimates can be made for the conditions of grooved terrain formation in regions outside of Uruk Sulcus.
